A MEMS differential microphone is described in which the diaphragm design is inspired by the mechanics of directional hearing in the fly O. ochracea. The 1 mm by 3 mm diaphragm is designed to rotate about a central pivot in response to sound pressure gradients. The diaphragm is designed to have its dominant resonance mode within the audible frequency range and to have as little viscous damping as possible (to minimize the effects of thermal noise). The motion of the diaphragm is detected using an optical sensing scheme that includes a semiconductor laser (VCSEL), photodetectors, a mirror, and a diffraction grating. To minimize the adverse effects of the light damping on the response, an active feedback system is implemented to achieve active Q control. This uses the output of the optical detection scheme to drive the diaphragm through a capacitive actuator. The microphone and optoelectronics are packaged into an assembly that can be incorporated into a mock behind-the-ear hearing aid. The microphone is shown to achieve a noise floor that is approximately 17 dBA lower than what can be achieved using a pair of existing low noise hearing aid microphones to create a directional hearing aid.
INTRODUCTION
Miniature microphones have been incorporated in a huge number of portable electronic products. While the vast majority of these are intended to be nondirectional, there are numerous applications for miniature directional microphones. One important application for directional microphones is in hearing aids, where the rejection of unwanted sounds has been shown to improve speech intelligibility [1] . In order to create a directional microphone, one must be able to sense differences in the sound pressure at at least two locations. This difference signal will serve as a first order approximation to the pressure gradient. Unfortunately, as the size of the sensor is reduced and the points of pressure detection become closer together relative to the wavelength of sound, the pressure difference can become buried in the inherent noise signals produced by the two pressure detectors. The main goal of this research is to explore the use of an alternate strategy for detecting pressure gradients that has been suggested by an acoustical model of a miniature directional auditory system in the fly Ormia ochracea [2, 3, 4] .
Noise performance of directional microphones
The essential technology of creating a directional microphone has been understood since the earliest days of microphones [5] . A simple way to achieve directionally dependent acoustic sensing is to subtract the outputs of two nondirectional microphones that are placed a distance d apart. This is the approach taken in current directional hearing aids [6] . If we assume that the sound being detected is a plane wave at the frequency ω, the amplitude of the difference in the pressures at the two microphones will be lower than that at each microphone by a factor of ωd/c, where c is the sound speed. This loss in sensitivity has a significant impact on the noise floor of the directional system. If the noise floor in decibels of each nondirectional microphone is SPL omni (ω), then the equivalent input pressure-referred noise level of the difference signal will be
The term ωd/c << 1 so that the noise floor of the difference is generally much greater than SPL omni (ω). The 3 dB increase in this expression is due to the fact that the two microphones have uncorrelated noise signals. If a single microphone is used to achieve this difference signal (by packaging it such that sound drives both sides of its diaphragm) the factor of 3 dB is not added to the right hand side of equation (1) . This simplified analysis assumes that the sensitivities of the two microphones are identical. If the sensitivies are not equal, the accuracy of the difference estimate will suffer, particularly as the frequency is decreased.
When a higher degree of directionality is desired beyond what can be achieved with two microphones, one can employ three microphones to estimate a 2nd order pressure gradient [7] . If we assume that three identical microphones, again with a distance d between them, are used in a 2nd order system, the equivalent plane-wave pressure-referred noise level becomes SPL 2nd (ω) = SPL omni (ω) + 10 log 10 (3) − 40 log 10 (ωd/c)
The factor of 40 in equation (2) can cause this approach to have unacceptably high noise levels at low frequencies.
The strong dependence on the separation distance d in the noise performance of directional systems as shown in equations (1) and (2) shows that the quest for miniaturizing directional microphones can pose substantial engineering challenges. A major goal of this study has been to explore alternate microphone design approaches that can permit the miniaturization of directional microphones without unacceptably high noise floors.
BIOLOGICALLY INSPIRED DIRECTIONAL MICROPHONE
A schematic of the directional microphone design examined here is shown in figure 1 . We have shown that this microphone can achieve a significantly lower input-referred noise floor than currently available hearing aid microphones [8] . A primary focus of the present study is to examine whether the performance can be further improved by adjusting the design parameters and to demonstrate a device that is packaged in a mock-up hearing aid.
As described in [8] , the microphone diaphragm consists of a stiffened rectangular plate that is supported on carefully designed torsional springs so that it rotates about the support axis in response to pressure gradients. The sound-induced motion of the diaphragm is converted into an electronic signal through the use of an optical detection scheme [9, 10, 11, 12] . 
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FIGURE 1:
Schematic of the biologically inspired directional microphone. The microphone is described in detail in [8] . The diaphragm is designed to rotate about a flexible support in response to sound pressure gradients. The diaphragm motion is converted into an electronic signal through the use of an optical detection system.
The two-sided power spectral density of the input sound pressure-referred noise floor of the microphone due to thermal excitation of the surrounding air may be estimated from [8] 
where K B = 1.38 × 10 −23 J/K is Boltzmann's constant, and T is the absolute temperature. c t is the equivalent torsional viscous dashpot constant, I A = bL 3 /12 is the area moment of inertia, c is the sound speed, b is the width of the diaphragm and L is the length. This result is normally evaluated for sound that is incident at at an angle φ = 0, the most sensitive direction. If we substitute I A = bL 3 /12 into equation (3),
where we have, again, assumed that φ = 0. The input-referred noise floor in decibels may be calculated from the power spectral density of the noise.
The one-third octave band level at the frequency f 3 (Hertz) of a weakly stationary random signal, p(t), is given by
where p re f = 20μpascal is the standard reference pressure and < p 2 > f 3 is the mean square pressure in the frequency range of the one-third octave band, i.e. for frequencies f that satisfy
Knowing the power spectral density of the random pressure, S N pp (ω), one can calculate < p 2 > f 3 by integrating over the appropriate band of frequencies,
Equation (4) shows that the predicted thermal noise performance of this microphone is a strong function of its length, L. A primary outcome of the present study is to determine if the noise performance of the overall design can be improved significantly by increasing L. If it is assumed that the effective torsional damping constant, c t is not affected by changing the diaphragm length, then increasing L by a factor of 1.5 would reduce the thermal noise spectrum by approximately 10 log 10 (1.5 6 ) ≈ 10.6 dB.
The diaphragm used to obtain the results in [8] had dimensions b = 1 mm by L = 2 mm. Based on this simplified analysis, one could hope to achieve a roughly 10 dB reduction in noise by increasing the overall length of the diaphragm to L = 3 mm. As often occurs in engineering design, it was not feasible to simply increase the length; a number of design details needed to be changed to avoid compromising the structural durability, frequency response and robustness of the design.
MOCK HEARING AID PACKAGE
In addition to adjusting the dimensions of the microphone diaphragm to improve the thermal noise performance over our results given in [8] , the overall microphone package was re-designed to demonstrate that the assembly was compatible with a device that resembles a behind the ear hearing aid (BTE). The modified package is shown in figure 2. 
MEASURED NOISE PERFORMANCE
The measured noise floors for two different directional microphone designs are shown in figure (3) along with the estimated noise floor for the difference in output of a pair of Knowles EM low-noise hearing aid microphones where the spacing is taken to be 10 mm, as is common in hearing aids. The data are shown in 1/3 octave band levels versus frequency. It is clear that the two designs developed here have much lower noise floors than the conventional approach, particularly at frequencies below 1 kHz.
Based on equation (4), if the only design parameter that was changed between the 1X2 mm diaphragm and 1X3 mm diaphragm were the diaphragm length, L, we would expect the 3 mm diaphragm to have approximately 10 dB lower noise, which unfortunately, is not the case. The change in design also resulted in an increase in the equivalent damping constant, c t in equation (4) . A process for identifying the equivalent mass, stiffness and damping constants for these diaphragms has been used as was presented in the Miles et al.
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appendix of [8] . The equivalent torsional damping constant of the 1X2 mm diaphragm was found to be c t = 7.39 × 10 −12 N m s/rad and that of the 1X3 mm diaphragm was found to be c t = 2.25 × 10 −11 N m s/rad. The damping constant of the 1X3 mm diaphragm is thus approximately three times greater than that of the 1X2 mm diaphragm. This increased damping would be predicted to increase the thermal noise by about 10 log 10 (3) ≈ 4.8 dB.
Based on equation (4), the combination of increased length L and increased damping c t would be predicted to result in a noise floor that was approximately 10-4.8=5.2 dB lower than the result obtained for the 1X2 mm diaphragm, which, as shown in figure (3) had a noise floor of 35.6 dBA. We would then predict the noise floor of the 1X3 mm diaphragm to be approximately 35.6-5.2=30.4 dBA. This is remarkably close to the measured value of 31.1 dBA as shown in figure (3) . The A-weighted noise floor of a directional sensor using a pair of low-noise microphones is shown to be 16.8 dBA higher than that of the microphone described here.
Figure (4) also includes a comparison of the size of the microphone developed here with a pair of Knowles EM low noise hearing aid microphones with a separation distance of 10 mm. The image shows the 1X3 mm microphone attached to a prototype circuit board, which has not been miniaturized to the same degree that would be used in a production manufacturing process. The figure shows that the present design results in much lower noise in a significantly smaller package than what is currently available in hearing aids. 
ACTIVE FEEDBACK FOR Q CONTROL
Equation (4) clearly shows that the only parameters available to a designer to affect the input-referred noise are the passive torsional dashpot, c t , and the area moment of inertia, I A . Given that our aim is create a microphone that is small, one would want to keep the area moment of inertia as small as is feasible. The only other way to reduce the input-referred thermal noise is to reduce c t as much as possible.
While the minimization of passive damping is the key to the creation of a low-noise sensor, there is a significant drawback that must be accounted for when the frequency response of the sensor is important, as is the case for microphones. The effect of the low damping (or equivalently, high Q) of our diaphragms manifests itself as a resonance peak in the frequency response, as shown in figure 10 of [8] . This figure shows the measured and predicted thermal noise of the diaphragm in terms of the microphone output voltage. The damping ratio of the diaphragm associated with the resonant peak at approximately 2 kHz has been estimated to be ζ = 0.16. This is, of course, an undesirable characteristic for a microphone and will result in poor fidelity.
The resonant peak in the response could certainly be reduced through the addition of passive damping. However, as discussed above, the addition of passive damping (an increase in c t ) increases the thermal noise, which we would like to minimize. Stiffening the diaphragm to push the resonant peak to frequencies beyond the range of hearing will result in an unacceptable loss in sensitivity for the differential microphone. Our design takes advantage of high compliance to maximize sensitivity. Another option is to incorporate a compensation filter to flatten the response. While this can be easily implemented for a given diaphragm, the proper filter characteristics will depend on the diaphragm's resonant frequency and damping, which may be difficult to control precisely in a manufacturing process.
Another practical method of improving the frequency response of the microphone is to incorporate active feedback to achieve active Q-control. We have described a system for incorporating active feedback into this microphone in [9] and have shown that this can be accomplished without adversely affecting the noise performance.
The effect of electronic feedback on a system's input-referred noise has been described in numerous texts such as [13] . The essential principles can be illustrated with a general feedback system as shown in figure 4 . Assuming that we are interested only in the response due to small signals, the system response can be examined in the Laplace domain with s being the independent Laplace domain variable. The plant in this case is the mechanical microphone diaphragm, H D and electronic amplifier H E , where these, and all other quantities indicated in figure 4 depend explicitly on s. The diaphragm is driven by sound pressure P and random pressure fluctuations due to thermal noise, N t . The electronic amplifier adds noise N E to the desired signal. The output of the system is V O . The output of the electronic amplifier (including the noise) is fed back to the diaphragm through some sort of actuator which applies a force on the diaphragm that is proportional to the electronic signal. The feedback system consists of filter shape H f and a gain G. The output may then be shown to be
It is clear from this equation that the feedback gain GH f affects the desired signal P and the noises N E and N t equally.
+ + In the absence of any system noise, N E = N t = 0, the ideal output due to an input pressure in equation (8) becomes
If no input signal is applied, the noise signals in equation (8) will produce an output of
The output signal to noise ratio is simply obtained by dividing equations (9) and (10),
which, again, is completely unaffected by the feedback.
While the above idealized analysis shows that feedback does not improve or degrade the system's input-referred noise performance, practical implementation issues can sometimes be in conflict with our assumptions. In microphones, the validity of these results can be affected by nonlinearities in the actuator used to apply feedback forces on the diaphragm, and by additional noise introduced in the feedback system itself. In addition, it is not always feasible to realize the desired feedback filter H f with sufficient accuracy over the desired frequency range. The feasibility of using a simple analog feedback system to improve the response of the differential microphone diaphragm without adversely affecting its noise performance has been demonstrated in [9] .
CONCLUSIONS
The directional microphone described here has been shown to achieve significantly lower noise floors in a smaller package than can be achieved with the current practice of using a pair of low-noise microphones to achieve a directional response. It is shown that the achievable noise floor depends strongly on the length of the pressure gradient-sensing diaphragm.
